Abstract: Numerous studies have focused on a low surface energy coating and a micro/nanoscale surface texture to design functional surfaces that delay frost formation and reduce ice adhesion.
Introduction
Ice accretion on surfaces can cause serious energy waste and safety threats in many practical scenarios. [1] [2] [3] [4] [5] [6] [7] Air drag increases when ice accumulates on aircrafts or wind turbines and hence disturbs the smooth airflow around them. 8, 9 Heat exchange efficiency can be decreased due to the 2 low thermal conductivity of ice cover. 10 Ice formation can be resulted from freezing of subcooled liquid water on the surfaces or frosting of moisture in the ambient air. [11] [12] [13] A lot of research efforts have been devoted to development of anti-icing and de-icing strategies. Supehydrophobic surfaces, which incorporate an extremely low surface energy coating and surface roughness in micro/nanometers, are effective in delaying ice formation because of the low number of nucleation sites and minimized water-solid heat transfer by the air pockets in the space between asperities underneath water. [14] [15] [16] [17] However, ice formation is inevitable on such surfaces when the water vapor in the humid air can easily diffuse between the small asperities. 18, 19 This so-called Wenzel ice which eventually forms the ice-solid interface shows a significantly high removal strength due to interlocking between the ice and the surface texture. 20, 21 To minimize the ice removal strength, an additional layer of fluid that is not miscible with water and has a low melting point is often introduced between the ice and solid surface. Slippery liquid-infused porous surfaces (SLIPS), which use a low surface tension oil as the fluid and show molecular level smoothness, are not only able to delay freezing, but also to reduce ice adhesion strength by up to two orders of magnitude compared to the non-coated surface. [22] [23] [24] [25] On the other hand, the frozen ice can also be selflubricated by a thin layer of water between the ice and surface if the surface is coated by a hygroscopic material such as polyethylene oxide brushes. [26] [27] [28] Based on these discoveries, other novel surfaces including ferrofluids and oil-infused polymeric materials have also been investigated. [29] [30] [31] However, a robust surface that shows long-term resistance to frosting has not been developed.
Frosting is an interfacial process that can be ubiquitously found in nature when the surface temperature drops down to a certain point. [32] [33] [34] Figure 1 shows the frost pattern on a fresh American 3 Elm leaf in a natural environment of frosting. The number density of ice crystals is noticeably high on the veins which are topographically convex, while the flat region between the veins are almost non-frosted. Our previous studies have shown that the millimetric surface topography plays an important role in dropwise condensation, in that droplet growth is enhanced on bumps while suppressed in dimples. 35, 36 The similarity between the convex and concave surface topography formed on natural leaves and them on the bumps and dimples inspired us to investigate the impact of millimetric surface topography on frosting. Here, we study the pattern of frost on non-flat aluminum surfaces with various millimetric serrated features that resemble the convex leaf veins. 4
The serrated surfaces with various vertex angles defined in Figure 2A (α = 40˚, 60˚, 90˚, and 100˚)
were fabricated by a simple molding procedure. The molds with corresponding geometric designs were first printed out by a 3D printer (Form 2, Formlabs, clear resin). The surface patterns were then transferred to a thin aluminum sheet (0.127 mm in thickness, McMaster-Carr) by pressing it between the molds. The height of the peaks is kept to be 5 mm, and the length and width of the samples are 50 and 40 mm, respectively. The geometric parameters are illustrated in Figure 2A .
Fabrication of hydrophobic and superhydrophilic serrated surfaces.
The patterned aluminum surfaces are intrinsically hydrophilic with a static contact angle of 81˚.
The patterned samples were then cleaned by oxygen plasma for 1 min to remove the organic contaminants. To obtain hydrophobicity, the cleaned samples were immersed in 1 wt. % solution 0.3˚C, which was measured by a digital thermometer (HH66U, OMEGA). Ambient temperature was 23.5 ± 0.5˚C. The samples were vertically positioned, and a plastic cover was used to isolate the surfaces from the ambient air before the temperature of the sample surface was stabilized, at which t = 0 is defined. The frosting processes were recorded using a Nikon D5500 camera with a macro lens (Nikon AF-S DX Micro NIKKOR 40 mm f/2.8G) and a handheld digital microscope (Dino-Lite Premier AF3113T). Figure 2B shows a schematic of the experimental setup for the controlled frosting experiments.
Numerical simulation of diffusion by using COMSOL Multiphysics © .
Models for steady state transport of dilute species were used to numerically simulate the diffusion of water vapor near the serrated features. 2-D coordinates were employed for all simulations by neglecting the effect of finite length of the samples in the direction of protrusion. The models were built using the cross-sectional geometries of the serrated surfaces to be studied. Boundary conditions were chosen depending on the specific stage to be simulated. See Results and
Discussions for the boundary conditions used for each simulation. Figure 3 shows the time-lapse images of frosting process on a hydrophobic serrated surface with a vertex angle of = 60˚, which is defined in Figure 2B , at an ambient humidity of RH = 25±2%. Four stages can be clearly identified: I) haze features grow on the reflective surface (t = 80 sec), II) frost initiates from the peaks and then quickly propagates towards valley (t = 200 sec), III) frost propagation slows down and haze in the valley diminishes (t = 910 sec), and IV) ice crystals grow slowly into a dendrite shape (t = 2270 sec and onward).
Results and Discussions

Discontinuous frost growth.
With repeated experiments, two traits can be identified which are distinct from the frosting process on a flat surface. At the onset stage (t < 80 sec), frosting always initiates from the peaks. At the end stage (t > 2270 sec), frost preferentially covers the peaks, while a non-frost region which spans about half of the total surface area between the two peaks exists at the valley. This discontinuous coverage of frost resembles the frost pattern found on the natural leaves, where frost preferentially covers the leaf veins while the flat regions in between show less frost coverage. Since the rate of frost invasion into the valley becomes significantly slower than that of the frost propagation from 7 the peaks, this non-frosted band in the valley can be considered to resist against frost formation for a long period of time.
The multistage frosting process was verified by visualization under a microscope objective lens as shown in Figures 4. It should be noted that the sample under the microscope lens has a vertex angle = 90˚ for better imaging, but it was tested under the same conditions as in Figure 3 . Due to the supersaturated conditions in the ambient, dropwise condensation occurs across the whole surface at the first place, as shown in Figures 4A-1 and 4B-1. However, the size of supercooled drops is found to decrease from the peak to the valley, ranging from around 40 m near the peak to less than 10 m near the valley (in yellow dashed circles). Such distribution of droplet sizes agrees with our previous observation of condensed droplets are larger on bumps than on dimples. 35, 36 These condensed droplets in micrometers effectively diffuse light and explain the "hazy features" found in Figure 3 . Following the first condensation stage, frosting initiates from the peak and quickly propagates without changing the pattern formed by the droplets (Fig 4A-2) . This observation implies that the frost propagates by interconnecting adjacent droplets, which agrees with the "ice-bridging" mechanism described in other studies. 16, 37, 38 When the ice front approaches the valley, droplets start to varnish. A gap forms between the ice front and the droplets near the valley as shown in Figure 4B -2. This gap prevents the invasion of frost further down to the valley. All the droplets on the right of the gap in Figure 4B -2 eventually disappear in Figure   4B -3, corresponding well with the disappearance of haze shown in Figure 3 (t = 910 sec to t = With the surface geometry controlled to be = 60˚, samples were tested at four levels of ambient relative humidity RH = 25%, 40%, 60% and 80%. Figure 5A shows the frost coverage as time progresses. The non-frosted area shrinks as the ambient humidity levels up as shown in Figure 5B -E. The propagation and evaporation stages are noticeably slower for RH = 25% than the other higher RH levels. To quantitatively study the impact of surface geometry on the frost pattern, surfaces with various vertex angles were tested under RH = 25%. For samples with = 60˚, 90˚, and 100˚, the frost coverage was evaluated between the two peaks since the surfaces were designed to have only two peaks. For = 40˚ and 180˚ (i.e., flat surface), the whole surface area is considered. The time evolution of frost coverage is plotted in Figure 6A Different from the dropwise condensation on hydrophobic surfaces, water condensate spreads out as a thin film on superhydrophilic surfaces where the * ≈ 0˚. Figure 7 shows the frost coverage between two peaks on a superhydrophilic surface with a vertex angle of = 60˚, and the ambient humidity was kept to be RH = 25%. Similar to the frost pattern observed on the hydrophobic surface, the valley is non-frosted. However, the propagation and evaporation stages (Stage II and IV) are absent. Instead, the condensed liquid quickly freezes (t < 1 min). This is presumably because the superhydrophilic surfaces facilitates nucleation of water by providing a high number density of high energy sites. 39, 40 The interdroplet distance is thereby shorter, and nucleated droplets quickly spread out due to the low * , interconnect, and become filmwise. The evaporation stage also becomes transient given both the suppressed condensation in the valley proved by the small droplet sizes shown in Figure 4C -1, and the lack of time for droplet growth caused by the fast freezing. The slow increase in frost coverage (70% at t = 0.5 min and 73% at t = 30 min) agrees with slopes close to zero at Stage IV shown in Figures 5A and 6A . However, the frost coverage on the superhydrophilic surface at t = 30 min (73%, Figure 7B ) is greater compared to that on the hydrophobic surface (61%, Figures 5A , 5B) with the same vertex angle and under the same ambient humidity. This can also be explained by the proximity between nucleated drops on superhydrophilic surfaces, which later easily combine to form a liquid film, and freeze collectively.
Numerical simulation of mass transfer near the surface features.
Since the surface temperature of the aluminum samples was kept below the dew point under the aforementioned testing conditions, condensation occurs in the first place rather than direct frost deposition by ablimation even though surface temperature is below 0˚C (Tsurf = -12˚C, Tdew = 1.9˚C for RH = 25%
and Tambient = 23.5˚C). Condensation therefore has a huge impact on the following frosting process.
To explain the drop size distribution observed in Figures 4A-B , we numerically simulated the diffusional transport of water vapor near the serrated features. Figure 8A shows the boundary conditions employed. The thickness of the diffusion layer is assumed to be 1 mm according to many previous studies. 41, 42 Concentration near the surface is chosen to be that of the supercooled water at the surface temperature, and concentration at the diffusion boundary is chosen to be that Ambient humidity is 25% at 23.5˚C. Red dashed lines indicate peaks. Scale bar is 2mm.
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corresponding to the ambient humidity. [43] [44] [45] The concentration field of water vapor near the serrated features is shown in Figure 8B . Even though the concentration of water vapor is constant across the surface as defined in the boundary conditions, the concentration isolines are more densely distributed near the peaks while they are sparser near the valley. The denser isoline distribution implies a greater magnitude of concentration gradient |∇c| and therefore a greater diffusion flux JC as captured in Figure 8C . Consequently, the number of molecules to impact onto the peaks is much greater than that into the valley per unit area and time. This explains the larger droplet size and number density at the peaks compared with them at the valleys. Drawings are not in scale.
14 Following the condensation stage, ice can nucleate in a micro-droplet nearby a larger droplet to initiate propagation of ice front. 37, 38 The likelihood for such micro-sized ice seeds to contact with a large droplet is much higher at the peak due to a higher number density of drops and greater size of them on the peak. Once frosting is initiated, the condensed drops near the ice front evaporate because of the lower vapor pressure of ice. The water vapor then deposits onto the ice front and fills the gap in between until the ice seeds reach nearby larger drops and initiate the freezing of those droplets. As a result, a larger number density of droplets means a shorter distance between the ice front and the nearby drops, and therefore a less volume of the interdroplet space to be filled by the evaporation-deposition mechanism. Hence, a critical droplet size exists below which droplets will varnish before the space between ice and droplets is filled and frost propagation by interconnection will not occur. The low number density and small size of droplets at the valley caused by the extremely small magnitude of diffusion flux captured in Figure 8C result in the complete evaporation of droplets before the ice-bridges reach the droplets, and hence the formation of the non-frosted band in the valley.
The final frost pattern can be affected by the size and number density of the condensed droplets. Figure 9A shows the JC/J0 increases when the ambient humidity level increases from 25% to 80%
for the same type of surface geometry. On the other hand, the location that shows the same JC/J0 
Conclusion
In summary, we studied the condensation frosting process on hydrophobic surfaces with millimetric serrated features inspired by the veins of natural leaves. Our results show that frosting 16 always initiates from the peak and undergoes a four-stage process including condensation, fast propagation, evaporation, and out-of-plane growth. A discontinuous frost pattern-a non-frosted area centered at the valley-forms and is found to be able to resist further frosting for a long period of time. The spatial span of the non-frosted area is found to expand when the vertex angle of the serrated feature decreases, and when the ambient relative humidity decreases. By simulating the mass transport of water vapor near the serrated features, the distribution of droplet size and number density of drops is explained by the greater magnitude of diffusion flux near the peak than in the valley. We rationale that condensation plays a key role in the formation of the discontinuous frost pattern by comparing the distribution of diffusion flux magnitude and the corresponding frost patterns for the surfaces with various vertex angles and ambient humidity. It is found the frost front for all surface geometries and humidity shares a similar magnitude of diffusion flux, suggesting the frost pattern affected by the millimetric topography originates from the diffusional behavior of water vapor. We envision that this macroscopic surface topography effect can be applied to realize spatial control of frost in a wide spectrum of applications such as aviation, wind power generation, and infrastructure of buildings.
